rf capacitive discharge is one of the most common reactors in semiconductor processing and many studies have been conducted in various related areas. [1] [2] [3] [4] [5] [6] [7] [8] [9] Much fundamental research of the capacitive discharge has found that there are many modes and their transitions in a capacitive discharge. 1,4,6 -9 Among these, the power dissipations of the discharge and their transitions were investigated by Beneking 6 and Godyak. 8 The capacitive discharge dissipates an rf power in two ways. One is a power dissipation by electrons in a bulk plasma, the other is a power dissipation by ions in a sheath. When a discharge current is small, electrons in the bulk plasma mainly consume the discharge power so that the discharge power is almost proportional to current ( P dis ϳ P bulk ϭV p •I). But when a discharge current is large, ions in the sheath mainly consume the discharge power so that the discharge power is almost proportional to I 2 ( P dis ϳ P sheath ϭR sh •I 2 ). 6 Therefore, as the discharge current increases, a change of the current/power characteristic P(I) from a linear to a square dependence on current is observed. This change represents the transition of power dissipation mode from electron-dominated dissipation mode to iondominated dissipation mode. 8, 10 There have been a few investigation into the transition of power dissipation mode. 6, 8, 10 But, there have not been any studies of the magnetic field effect on the transition.
In this letter, we investigate the transverse magnetic field effect on the transition. We present an evolution of the power characteristic from a square one ( PϳI 2 ) to a linear one ( P ϳI) as the magnetic field increases. It can be understood as an inverse transition of the aforementioned power dissipation mode transition through the magnetic field. A diffusion under the transverse magnetic field gives a clue to understanding the transition. Furthermore, through introducing an effective pressure and using the sheath resistance model in Ref. 6 , we calculate the power characteristics of the magnetized capacitive discharge. The calculated result is in a good agreement with the experimental data.
The experiment is conducted in a transversely magnetized capacitive discharge reactor, as shown in Fig. 1 . The reactor is asymmetrically driven at 13.56 MHz, argon, with two different size electrodes. The lower one is the grounded electrode ͑200 mm͒ and the upper one is the powered electrode ͑140 mm͒. The two electrodes are separated by 40 mm and positioned at the center of the discharge chamber. To keep the discharge between two electrodes, a confinement ring having a diameter equal to that of the electrode and a height of 10 mm is introduced beneath the powered electrode, and each electrode is wrapped by a ceramic cylinder 200 mm in diameter and 50 mm in height. External helmholtz coils with inner diameters of 370 mm and widths of 70 mm are installed to make a dc magnetic field in the direction parallel to the electrode surface. A dc magnetic field has a uniformity within 5% up to 30 G. rf power ͑ENI, A1000) is delivered to the powered electrode through a standard L-type matching network and a coaxial cable. Current-voltage (I -V) measurements are performed with an I -V monitor ͑Scientific Systems INC, PIM͒ mounted on the powered electrode. The dc bias is measured at the power electrode with a high-voltage probe. In order to compare the pressure effects, experiments are performed at different pressures ͑from 10 to 100 mTorr͒.
While increasing the transverse magnetic field, we measure discharge current, voltage, and the phase between them at 10 mTorr. From these experimental data, we obtain the discharge powers and resistances with various magnetic fields, as shown in Figs. 2͑a͒ and 2͑b͒. The experimental data at 0 G are consistent with those of Ref. 8 which investigated the electrical characteristics of the unmagnetized capacitive discharge. As shown in Fig. 2͑a͒ , the current/power characteristic P(I) at 0 G changes from a linear to a square dependence on the current. As mentioned before, this indicates a transition of power dissipation mode from an electrondominated dissipation mode in the bulk to an ion-dominated dissipation mode in the sheath. 6 
where I is an rf current in root-mean square ͑rms͒, V p is an rf voltage across the bulk plasma in rms and is almost independent of current (V p ϰI
), 6 and the sheath resistance, R sh , is a function of current and pressure. We can easily see the transition in the resistance characteristics. With increasing current, the resistance at 0 G decreases (R bulk ϰ1/I) and reaches the minimum value and afterward increases (R sheath ϰI 1/2 ). This also reflects the transition of power dissipation mode. 8 However, as the magnetic field increases, the square dependence of the power characteristic at high current ͑ϳ1.7 A͒ becomes smaller and almost disappears at 28 G, such that it seems to be nearly linear. It also happens in the resistance characteristics. A concave curve of resistance changes to a monotonously decreasing one as the magnetic field increases. Hence, at 28 G, there is a small power dissipation by ions, but large power dissipation by electrons. Therefore, we conclude that the magnetic field induces the transition of power dissipation mode from the ion-dominated dissipation mode to the electron-dominated dissipation mode.
To explain the transition, we consider the electron diffusion under the transverse magnetic field. The diffusion coefficient under the magnetic field can be expressed as
where is an electron-neutral collision frequency, D (ϵKT/m) is a diffusion coefficient of unmagnetized plasma, and ce (ϵeB/m e ) is an electron gyrofrequency. The crossdiffusion coefficient (D Ќ ) is reduced against the magnetic field, as in Eq. ͑2͒. The reduction of electron diffusion toward the electrode decreases the self-bias which controls the ion power dissipation in the sheath ( P i ϳV self
•I i ). [12] [13] [14] Therefore, as the magnetic field increases, the ion power dissipation in the sheath becomes smaller so that the transition of power dissipation mode finally occurs. Figure  3͑a͒ shows the self-bias against the magnetic field at a fixed current ͑1.7 A͒. The self-bias decreases with increased magnetic field. As a result, the transition of power dissipation mode from ion-dominated dissipation to electron-dominated dissipation occurs as shown in Fig. 2 .
Similarly, increasing pressure decreases the electron diffusion toward the electrode due to an increase of electronneutral collisions (ϰ P g ), so that the self-bias also decreases against the pressure, as shown in Fig. 3͑b͒ . Therefore, a similar phenomenon, a power dissipation mode transition, could also be induced by a pressure, as has been observed by Godyak et al. 8 As mentioned herein, the transverse magnetic field effects are similar to those of the pressure. Both decrease electron diffusion to the electrode and reduce self-bias, so that ion dissipation is reduced. Thus, we can include the magnetic field effect with a pressure effect by introducing the effective collision frequency ( eff ) as
Because the electron-neutral collision frequency is proportional to the gas pressure (ϰ P g ) 16 and the electron gyrofrequency is proportional to the magnetic field ( ce ϰB), 15 we rewrite the expression as the effective pressure, instead of the effective collision frequency:
where P g is gas pressure ͑mTorr͒, B is a magnetic field ͑G͒, and ␣Ϸ0.83 (mTorr 2 /G 2 ) is constant. To theoretically calculate the magnetic field effect to the transition with the effective pressure, we should get the R sh expression as a function of the pressure and current. This has been theoretically investigated by Beneking for an unmagnetized discharge. 6 Because the electron density in the sheath is so small, the sheath resistance represents the space-charge limited ion current resistance in the sheath. The resistance can be espressed as
where I is an rms rf current, is a driving frequency, A is an electrode area, k(ϵ103.75m 3/2 Pa 1/2 /V 1/2 S͒ is mobility constant and P g is a gas pressure.
It is noticeable that R sh depends only on external parameters, such as A, k, P g , I, and . Although this expression is derived under collisional sheath regime, it is well known that resistance dependence of current and pressure R sh ϰͱI/ P g agrees well with experimental data for all range of gas pressures. 8, 14 We obtain total discharge power by substituting Eq. ͑5͒ into Eq. ͑6͒ instead of P g and substituting the result into Eq. ͑1͒ 
where 2.73 is introduced through a pressure unit change from Pascal to mTorr. V p Ϸ12 is experimentally determined by measuring the slope of the power characteristic curve at low current. It is noted that V p is almost constant against the magnetic field. Figure 4 shows the calculated result of Eq. ͑7͒ for A ϭ1.5ϫ10 Ϫ2 m 2 , V p Ϸ12 V, ϭ2ϫ13.56ϫ10 6 Hz, ␣ Ϸ0.83 mTorr 2 /G 2 . As shown in Figs. 2 and 4 , the calculated results are qualitatively consistent with the experimental results. As the magnetic field increases, the power characteristic ͓ P(I)͔ changes from a square dependence to a linear dependence, and the resistance changes from a concave curve to a monotonously decreasing curve. However, there is a discrepancy between the experimental and the calculated results, as shown in Figs. 2 and 4 . The experimentally obtained resistance is a less strong function of the magnetic field, compared with the calculated resistance. It could be understood by considering the EϫB drift expected effect in a magnetized capacitively coupled plasma ͑CCP͒. 17, 18 The drift causes a plasma shift in the direction of EϫB, 18 thus reducing the electrode area ͑A͒ in Eq. ͑7͒. The decreased area increases sheath resistance and it has an opposite effect on the effective pressure increase. Therefore, the experimental result of the resistance seemed to be a less strong function of the magnetic field than the calculated resistance. Figure 5 shows the characteristics of the power and resistance at 0 G and 100 mTorr. The characteristics at 100 mTorr are very similar to those of the magnetized discharge ͑28 G͒ at low pressure ͑10 mTorr͒. This is evidence that the transition of the power dissipation mode is mainly induced by the effective pressure ͑gas pressureϩmagnetic field͒.
Compared with other magnetized discharge models, 13, 14 ion dissipation power is proportional to B Ϫ1 in our model while B Ϫ2 in other models. Although Eq. ͑7͒ does not include an electron power dissipation in the sheath investigated in Ref. 19 , the calculated current/power characteristics are qualitatively well consistent with our experimental data and other published data. 8, 10, 19 In conclusion, through electrical measurements of the capacitive discharge in various magnetic fields, we observed the transition of power dissipation mode at high current by a magnetic field. Because a magnetic field decreases the selfbias and the ion dissipation in the sheath, the power dissipation mode transition takes place from ion-dominated power dissipation to electron-dominated power dissipation, as the magnetic field increases. Through introducing the effective pressure, we include the magnetic field effect with a pressure effect, and with the Beneking sheath model including the effective pressure, we could theoretically evaluate the transition. 
